NOMENCLATURE OF POLYTYPE STRUCTURES

Substance SrGeO3
BLs chosen ]12[ 2 C2/cll l P1/' 21 were produced for the first sixteen crystal classes, containing symmetry operations of order not greater than two. The possibility of visualizing the nature of the symmetry in this way suggested a symbolic nomenclature following the general principles of the Hermann-Mauguin notation, and such a notation was developed for the sixteen crystal classes that were illustrated. In paper II (Whittaker, 1984a) all the crystallographic symmetry operations of order greater than two were examined and their effects illustrated by means of hyperstereograms. This has helped to clarify their nature and their orientational characteristics, and for all of them unitary symbols have been introduced that are suitable for incorporation in a Hermann-Mauguin-type notation for the crystal classes. Hyperstereograms have now been prepared for all the 227 four-dimensional (geometric) crystal classes tabulated by Brown, Billow, Neubiiser, Wondratscheck & Zassenhaus (1978) , and these will be published elsewhere (Whittaker, 1984b) . On the basis of this work it has been possible to develop a complete notation for all these crystal classes, although it has proved desirable to introduce slight modifications into the original one devised for the first sixteen. It is the purpose of this paper to describe and tabulate this complete notation.
Principles of the notation
It was pointed out in paper I that the main difficulty in the way of a Hermann-Mauguin style nomenclature in four dimensions is that the orientation of a plane is not specifiable by the direction of a line perpendicular to it. The device was therefore adopted of splitting the symbol into two parts separated by a semicolon. The first part consisted of a sequence of positions each of which specified (according to a convention) the orientation of a line. Each such position could then be used to specify the orientation of an axis of rotation-inversion a or a mirror hyperplane m, or both by the usual notation a/m, as in three dimensions. The second part consisted of a similar sequence of positions, each of which specified, according to a separate convention, the orientation of a plane. This general principle is retained here, but two modifications of detail have been found to be desirable as a result of the extension of the work.
1. In paper I the sequence of symbols specifying lines and hyperplanes was placed first, because it has the most direct analogy to three-dimensional Hermann-Mauguin symbols. However, out of the 227 crystal classes there are 120 that do not contain axes of symmetry or mirror hyperplanes, and only 17 that do not possess, or do not require the specification of, rotation planes. Moreover, it is the latter symbols which are usually the diagnostic ones for assigning a crystal class to a crystal system. It is therefore desirable to reverse the order of the two sequences and place that for the planes first.
2. Within the sequence of planes each position specified the orientation of one plane. However, even in the simple systems discussed in paper I it was already difficult to devise a systematic order for the axial planes, because wx, xy, yz, zw, wy, xz cannot all be listed in a straight forward cyclic order. As a result a rather cumbersome convention had to be adopted so that it should be possible to deduce which pairs of positions correspond to orthogonal (absolutely perpendicular) planes. This problem becomes still more important and difficult in the classes of higher symmetry, and the device has therefore been adopted of assigning each position to a pair of orthogonal planes separated by an oblique stroke. Thus the axial planes of family V (orthogonal) can be specified wx / yz xy / zw yw / xz, and the holosymmetric class 5/02, for example, can then be symbolized (in the full form) as 2/2 2/2 2/2 instead of 222222. This has three advantages: it permits the planes to be listed in strict cyclic order in terms of the planes specified by the 'numerators'; it makes clear which planes are orthogonal to one another; and it reduces by a factor of two the number of orientational positions to be specified. It is to be noted that there are in fact three other ways in which the axial planes could have been specified in pairs, by inverting them in different ways, that is xy / zw yz / wx zx / yw wy / xz yz / wx zw / xy wx / yz xz / yw zw / xy. These allot a special role to w, x, and y, respectively, in that in each set one axis is excluded from the 'numerators' and is present in all three 'denominators'. The preferred arrangement is that which allots this special role to z, because this axis has already been given a special role by the convention that it is projected to the centre of the hyperstereogram. It is therefore most natural, when one is looking at a hyperstereogram, to regard the three axes w, x, y as the ones to be considered in cyclic order.
As in three-dimensional crystallography it is necessary to introduce a different convention in each crystal family as to the orientation to be associated with each position in the symbol. These conventions are given in Table 2 . Each direction is specified either by a coordinate axis (w, x, y or z) or by an axis symbol a set of four integers in square brackets defining a vector in terms of the basis vectors of the axial system of the crystal family. Similarly, each plane is specified by a pair of such directions lying in it.
For this specification of conventional directions in each family to be meaningful it is of course necessary Table 3 ). Also, the name of family XXII has been changed from 'icosahedral' to 'icosagonal' to keep its derivation in line with the names (octagonal, decagonal etc.) of other families. The orientation of the axes has been changed in certain cases from that adopted by Brown et al. (1978) ; hexagonal-type axes have always been set at 120 ° rather than 60 °, and orthogonal axes have been used throughout family XXIII.
Axes involving crypto-rotation planes
As defined so far the system of notation deals adequately_with rotation planes, with rn hyperplanes, and with 1 axes whose erypto-rotation planes have no defined orientation. Other axes of rotation-inversion (3, 4 and 6) require the orientation of their crypto-rotation plane to be specified in some way. In fact, no problem arises in the case of 3 and 6 axes because both give rise to an overt threefold rotation plane coincident with their threefold or sixfold crypto-rotation plane. This is of course specified in the sequence of planes in the ordinary way, and the or 6 symbol in the sequence of axes can always be identified with a specified threefold plane in which it lies in order to define it completely. This is not true of a 4 axis, and therefore the symbol (4), in parentheses, is inserted in the appropriate position in the sequence of planes to complete the specification of the orientational characteristics of a 4 axis giyen in the sequence of axes. In one instance it is necessary (in order to avoid ambiguity) to denote by a subscript number, appended to the symbol of the 4 axis, the position in the sequence of planes in which its cryptorotation plane is specified.
The point symmetry elements :3, ~ and
These symmetry elements also have a crypto-rotation plane whose orientation must be specified. When they occur alone the symbol 3, 4 or 6 is simply inserted in the appropriate position in the sequence of planes. When they arise from combinations of overt 3, 4, or 6 operations with a separately defined or implied operation they are not specified.
The point symmetry elements III, lh, IV and VIII
Although a symmetry element of this type does not have a uniquely defined pair of orthogonal cryptorotation planes, it is always compatible with its crypto-rotation planes lying on one (and only one) of the conventionally chosen pairs in a given crystal family. Thus the symbols III, III and IV can be meaningfully placed at the appropriate positions among the sequence of planes in order to define the orientational characteristics of the corresponding symmetry operations. When these operations arise from mutually orthogonal pairs of overt rotation planes (3/3, 6/6, 4/4) they do not require any separate specification. The symbol III is only used when it is present alone and not when it arises from the combination of a III operation with a separately defined or implied I operation. When both Ill and IV operations or two differently oriented IV operations, or an VIII and a differently oriented IV operation are present together in a class it is necessary to indicate whether they are of the same hand, of opposite hand, or of both hands. This is done by use of a subscript on the second symbol of the two (s for same, o for opposite), and no subscript indicates that there is no such restriction.
Where the VIII operation has to be specified its symbol occupies the position in the sequence of planes appropriate to that of the IV operation that is its square. The direction of the initial line of the graphical VIII symbol is not specified in the class symbol, but is defined by convention.
The point symmetry elements V and "v'
In the two families in which these occur their orientational characteristics are specified by the conventions for the family. The V symbol is then placed before the sequence of plane symbols. Since the ~' operation III/2/2 IVo/2 2 2 2 30/07 6/6 IV --2 30/08 3/3 IV 2/2 2 30/09 3/3 IV/2/2 30/10 6/6 IV/2/2 2 2 30/11 6/6 (3,)/(3,) 2; .... 4 4 4 30/12 3/3 IV/2/(4); 6 6 m m --3, 30/13 6/6 (4)/(4) 2 2 2; VIII/2/2 IVs -2 ---2 33/07 IV IV, 3/3 32/07 VIII/2/2 2 --2 2 33/08 IV/2/2 IVs/2 III,---2 2 32/08 VIII/4/4 IVo ----2 33/09 IV/2/2 IVs Ills 2 ---2 32/09 (4)/(4) IV --2 (4)/(4) 2; 3, _ _ 3, 33/10 4/4 IV Ills ----4/4 32/10 IV/2/2 IV/2 --2 2 2 2 33/il IV IVs 3/3 2/2 32/11 IV IV, 3 2 33/12 4/4 IV Ill s 2 --4/4 2 32/12 4/4 IV/2-2 2 2 2 2 33/13 IV/2/2IV/23/3-2222 32/13 (4)/(4) (4)/(4)---2 2; 3,~m 4 33/14 (4)/(4) (4)/(4) 3/3 ---(4)/(4) 32/14 (4)../(4) 2 --(4)/(4) (4)/(4) 2 2; (4)/ (4) 
The point symmetry elements VI, Xll, xh and XII'
These are never used in the class symbols because the corresponding operations are all expressible in terms of the products of simpler overt operations, as has been discussed in paper II (Whittaker, 1984a) . The orientational characteristics of these overt components are therefore expressed by the appropriate positions of their symbols in the sequence of planes as discussed above.
The point symmetry element
This symmetry element occurs by itself only in class 1/02, for which it is the only symbol. Elsewhere it arises either as a component of 3, III, IV, ~/, or VIII, or from the presence of 1/m in the sequence of axial symbols, or from the presence of a pair of orthogonal even-order rotation_planes-2/_2, 4/2, 6/2, (4)/2, 4/4, 6/4, (4)/4, 6/6, 6/(4), or (4)/(4). In none of these cases is 1 included explicitly in the symbol (cf. the corresponding treatment of T in three dimensions).
If the 1 operation is present then every even-order rotation plane is accompanied by an orthogonal rotation plane of order 2 (or of higher even order), and every m hyperplane is accompanied by a perpendicular T axis. For the sake of brevity, once the first such orthogonal pair of even-order rotation planes has been recorded subsequent occurrences of twofold rotation planes that can be regarded as derived from the effect of the ] operation are omitted. Thus the class symbol 4/2 2/2 2/2 is simplified to 4/2 2 2. Similarly, i/m is simplified to m following an earlier implication of a 1 operation either in the sequence of planes or in the sequence of axes. For the sake of clarity it has seemed preferable not to extend this system of omissions to the effects of 1 operations implied by the symbols of point-symmetry elements.
Null symbols
In three-dimensional crystallography it is never necessary to use null symbols in the Hermann-Mauguin notation, unless it is desired to indicate a departure from normal conventions as in 1 1 2/m to denote a monoclinic class with the unique axis on z. However, in four dimensions the greater number of orientationally defined positions in the notation, and the presence of the two separately defined sequences for planes and axes, make it impracticable to avoid the use of null symbols. The symbol adopted is the dash (-). Its use is kept to a minimum by omitting it in trailing positions both in the sequence of planes and in the sequence of axes. In other words, it is only used when there is a following position in the sequence that is occupied. If either sequence is wholly null then the whole sequence (and the semicolon) is omitted. The null symbol (and the oblique stroke) is also omitted if the 'denominator position' of a pair of orthogonal planes is unoccupied.
Economy of symbols versus clarity
Although the specification of an excessive number of symmetry elements in a symbol of Hermann-Mauguin type can be confusing, reduction of the number to an absolute minimum can be mystifying. The symbols proposed, although reasonably concise, are therefore not claimed to have been condensed to the maximum possible extent.
Introduction
Thirty years ago Hauptman and Karle pioneered the use of sophisticated methods of probability theory for directly determining the phases of structure factors from the sole knowledge of their amplitudes (Hauptman & Karle, 1953) . After an initial latency period, these probabilistic direct methods underwent a 0108-7673/84/040410-36501.50 O 1984 International Union of Crystallography
